Abstract-The three-dimensional crystal structure of rotationally disordered illite/smectite (I/S) in K-bentonite samples from the Appalachian basin and neighboring areas is described using the parameters of 1) Po, the proportion of zero-degree layer stacking rotations, such as in the polytype series IMd-IM; 2) Pcv, the proportion of 2:1 layers with cis-vacant (cv) octahedral sites that are randomly interstratified with trans-vacant (tv) layers; and 3) Pro, the proportion of layers with n-60 ~ rotations (as opposed to n. 120 ~ in the rotated layers. These parameters were determined by computer modeling of experimental randomly oriented powder X-ray diffraction patterns.
INTRODUCTION
A number of papers describe the calculation of threedimensional powder X-ray diffraction patterns ofphyllosilicates with various kinds and amounts of disorder (e.g., Plan~on and Tchoubar 1977a , 1977b , Plan~on 1981 , Plan~on et al 1988 , Drits et al 1984 , Sakharov et al 1990 . The book by Drits and Tchoubar (1990) is a comprehensive state-of-the-art treatment of the subject. Reynolds (1993) developed a computer algorithm (WILDFIRE) similar to those described above for calculating three-dimensional powder diffraction patterns of iUite and mixed-layer illite smectite (I/S) with various types and quantities of rotational disorder. This computer program was used to model diffraction patterns of I/S separated from 56 K-bentonite samples in and around the Appalachian basin ( Figure  I ), thus quantifying the type and amount of crystallographic disorder in each sample. Such disordered I/S structures would have previously been called simply 1Md polytypes using routine analytical methods. The goals of this study were to accurately model and characterize the three-dimensional I/S structures and to correlate compositional trends with the type of layer rotations and the distribution of octahedral cations.
An important distinction is made between 1) rotational disorder which refers to the angular displacements between the -X direction of two adjacent unit cells stacked along c and 2) Reichweite which describes the random or ordered stacking sequences of different kinds of phyllosilicate layers along Z in a MacEwan Copyright 9 1995, The Clay Minerals Society crystallite. In this paper the term disorder refers to rotational disorder unless otherwise specified.
Early work on illite polytypes by Maxwell and Hower (1967) recognized a general transformation from 1Md to a 2M structure which was complete when temperatures reached the biotite isograd. Experimental work with muscovite compositions indicated the general transformation 1Md --+ 1M --, 2MI with increasing temperature (Yoder and Eugster 1955, Velde 1965) . Work by Radoslovich and Norrish (1962) and Giiven (197 l) indicated that compositional variations affect what mica polytype results under given physical conditions.
The 2:1 layers in the usual dioctahedral mica structure have vacant M 1 (trans) octahedra, whereas both the M2 (cis) octahedral sites are occupied (Figure 2 ). This trans-site vacancy and cation arrangement results in the mirror plane symmetry characteristic of the C2/m space group. The existence of 2: l phyllosilicates with different distributions of octahedral cations was first reported by Mrring and Oberlin (1967) for a sample of Wyoming montmorillonite. Oblique texture electron diffraction (OTED) work by Tsipursky and Drits (1984) showed that dioctahedral smectites have a wide range ofoctahedral cation distributions over trans and cis sites. The tram-occupied (cis-vacant) unit cell is noncentrosymmetric and belongs to space group C2 (Tsipursky and Drits 1984) rather than C2/m, which applies to the tram-vacant structure.
Specific distortions of cis and trans octahedra result from the distribution of the octahedral cations and the resulting electrostatic forces. In the centrosymmetric 2:1 layer the larger vacant trans octahedral site causes the center of the ditrigonal ring of the top tetrahedral sheet to be shifted from the center of the bottom tetrahedral sheet by more than the ideal -a/3 value. This type of distortion for A 1, Mg micaceous 2:1 phyllosilicares leads to a monoclinic angle (fl) of about 101.3 ~ (Bailey 1984, Drits et a11993, Reynolds and Thomson 1993) . In the noncentrosymmetric 2:1 layer there is an undershift of the top tetrahedral sheet resulting in fl = 99.13 ~ (Tsipursky and Drits 1984 , Drits et al 1984 , 1993 . Diffraction effects are different for cis-and transvacant structures, for interstratification of layers with vacant cis and trans sites, and also for structures with a statistical distribution of cations between cis and trans sites within single layers (Tsipursky and Drits 1984 , Drits et a! 1984 , 1993 .
Experimental work by Reynolds (1992) showed that d(hkl) is independent of the average crystal thickness in the c direction for a mixed-layered I/S and there is no three-dimensional coherence across the expandable interfaces that separate illite layers or stacks of thin illite packets. A randomly oriented preparation of I/S diffracts in three dimensions like a randomly oriented powder of thin illite crystals. Reynolds (1993) demonstrated that cis-vacant (cv) structures exist in I/S exhibiting the 1M and 1Md stacking sequences, and that cv 2:1 layers can be interstratified with trans-vacant (tv) 2:1 layers. Reynolds (1993) quantify the percent ofcis-and trans-vacant octahedral sites along with the percent and degree of rotational disorder. Such crystallographic characterization has been accomplished for I/S from the Ordovician and Devonian bentonite beds in and around the Appalachian basin and is the subject of this study. Clay separations from Appalachian basin Ordovician and Devonian K-bentonites were chosen for this study because I/S from K-bentonites are better suited to show the diffraction effects produced by different types and percentages of disorder and octahedral cation distributions than are I/S from shales and sandstones which almost always have diffraction peak interferences from other fine-grained minerals.
GEOLOGIC SETTING

K-bentonites
Ordovician volcanic ash layers deposited in epeiric seas presently cover about 1.3 million km 2 of eastern North America, distributed throughout thick sequences of carbonate and clastic rocks (Kolata et al 1984) . Most of the Ordovician K-bentonite samples in this study were collected from the Deicke and MiUbrig and stratigraphic equivalent beds (Kolata et al 1984) , the Black River Group (Johnsson 1984) , and the Utica Formation (Mitchell 1992) .
The Tioga Bentonite is the best known and most wide-spread volcanic ash layer in the middle Devonian rocks of the Appalachian basin and probably covered all of the northeastern United States during middle Devonian time (Dennison and Textoris 1970, Droste and Vitiliano 1973) . The Devonian K-bentonite samples in this study are from the Tioga or Tioga equivalent bentonite beds.
Post-deposition
A number of workers have suggested a "fluid migration hypothesis" to explain post-depositional features in the Appalachian basin (e.g., Oliver 1986 , Hearn et al 1987 , Bethke and Marshak 1990 . For example, I/S diagenesis in the distal Appalachian basin cannot be explained by the "traditional" model of burial diagenesis (e.g., Perry and Hower 1970 , Hower et al 1976 , Jennings and Thompson 1986 , McCarty and Thompson 1991 because conodont alteration index (CAI) values are too low (Harris 1979) , and apparent burial depths too shallow. Yet, the I/S clays in Appalachian basin K-bentonites are R>__I structures with low to medium expandability similar to those found in deeply buried diagenetic sequences, and most of these clays occur in geologic areas which show no evidence of being subjected to the burial conditions and associated temperatures that are considered necessary to produce this type of US Tiirkmenoglu 1981, Elliott and Aronson 1987) .
The I/S in the K-bentonite beds from the Cincinnati Arch area contain about 70 to 80% illite layers Tiirkmenoglu 1981, Elliott and , results from this study). The maximum burial temperatures near 80~ (Harris 1979) appear to be less than the minimum temperature of about 100~ proposed by Hower et al (1976) which is needed to form ordered I/S of this type. Many of the K-bentonites are enclosed in carbonate strata which could not have provided potassium, so an external source is indicated but not known. Roden et al (1992, 1993) found partially annealed zircon fission tracks throughout the southern Appalachian basin indicating temperatures of about 1750C that lasted less than 1 m.y. This temperature is higher than the regional CAI (about 80~
Roden et al (1993) suggest that fluid flow was apparently localized in or near the K-bentonites, partially annealing zircon fission tracks, completely annealing apatite fission tracks, but not affecting conodont alteration indices on a regional scale. Figure 1 shows the locations of the 56 K-bentonites used in this study (their approximate geographic coordinates are included in Table 1 ). Eight K-bentonites were collected from core (samples: 11-13 and 57-60) and the rest collected from outcrops. Samples 6, 22, 23, 25 were collected by the authors and all others were obtained from colleagues.
ANALYTICAL METHODS
Sampling
Random powder preparation
Samples were lightly crushed in an Alundum mortar and disaggregated in distill sd water with an ultrasonic probe. The < 1.0-~tm (equiNalent spherical diameter) and/or < 0.5-/~m size fractiOns were separated by timed centrifugation. Clay suspensions were saturated with 1 M CaCI2 to induce flocculation to aid in collection and to exchange interlayer cations with a common ion in order to maintain comparable expandability measurements between the samples. All samples were subsequently washed repeatedly to remove excess chloride until the discarded wash showed no evidence of chloride when tested with AgNO3. Washed samples were concentrated by ultracentrifugation. The core samples were obtained as clay separates and their preparation is described by Elliott and Aronson (1987) .
All clay separates were redispersed in 50 ml of distilled water for freeze-drying. The suspensions were frozen in a Labconco shell freezer at -30~ and lyophilized in a Labconco 4.5 freeze drier. The freezedried clay was ground lightly with a rubber stopper mounted on a glass rod. Immediately prior to XRD analysis, the freeze-dried outcrop separates were dehydrated in an oven at either 250~ or 350~ for one h. The core sample separations were spread in an evaporating dish and solvated with ethylene glycol vapor for 24 h at 60~ before preparing a random powder X-ray diffraction (XRD) mount. The core separates were treated with ethylene glycol solvation instead of heating because they were to be used in a future study for which heating was inappropriate. All randomly oriented sample mounts were prepared for XRD by a sideloading method using a sample holder 3 cm long, 2.35 cm wide, and 0.15 cm deep that accommodates approximately 600 mg of clay.
Orientated aggregate preparation
Oriented XRD preparations were made by dispersing approximately 200 mg of clay separate in 2 ml of water, pipetting the suspension onto a glass slide, and drying at room temperature. Oriented XRD mounts were analyzed air-dried and after vapor solvation with ethylene glycol at 60~ for 12 h.
X-ray diffraction analysis
Diffraction data were collected with a Siemans D-500 diffractometer equipped with a digital step counter, a diffracted beam graphite monochromator, 1 ~ beam and 0.15 ~ detector slits and using CuKa radiation. All step scans were conducted at 20 increments of 0.05 ~ Count times for the random powder preparations were 20 s per step and runs were made from 16--44 ~ Runs for the oriented preparations were made at 1 to 5 s per step from 2-50 020. These conditions produced a peak height intensity of approximately 10,000 counts for the mica prism reflection near 19.9 *20 (the 020;110). I/S expandability and Reichweite determinations were made from the oriented aggregate diffraction patterns using the delta-20 method described in Moore and Reynolds (1989) and in some cases by means of the NEWMOD computer program (Reynolds 1985) .
Computer modeling of three-dimensional structures
The three-dimensional structural parameters of percent cv, percent tv, and the percent and type of rotational disorder in the I/S were determined by modeling each diffraction pattern with the computer program WILDFIRE (Reynolds 1993) . No attempt is made here to describe the WILDFIRE algorithm and the reader is referred to Reynolds (1993) for a complete description.
All of the calculated diffraction profiles are based on atomic coordinates and unit cell parameters for cv and tv unit cells from Tsipursky and Drits (1984) and Drits et al (1984) . The cv unit cell dimensions are: a = 5.199 A, b = 9.005 ~, c = 10.09/~ and 3 = 99.13". The tv unit cell dimensions are: a = 5.199/~, b = 9.005/k, c = 10.164/~ and 3 = 101.3*. In every case the calculated difliaction patterns were based on crystals containing 60 unit cells along X and 30 unit cells along Y. Crystal size in the Z direction was determined on a case by case basis as part of the WILDFIRE modeling procedure. The number of unit cells in the Z direction depends on a particle size distribution that is calculated from I/S expandability and Reichweite (see also Altaner and Bethke 1988) . Particle size distributions used in the calculated diffraction patterns that are shown later as examples are presented in Table 2 . Fe and K were not varied in any of the calculated diffraction patterns from the default values of 0.14 and 0.7 atom per formula unit, respectively. Composition, atomic coordinates, and crystal dimensions in X and Y were not varied in WILDFIRE, and the particle thickness distribution was estimated from basal diffraction data. Therefore, all of the diffraction patterns in this study were modeled with combinations of just three adjustable input parameters Pc~, Po, and P6o. Pcv refers to the percentage of cv layers interstratified with tv layers in the calculated model crystallite structure where:
Po is the percentage of layers rotated zero degrees with respect to a preceding adjacent layer. P0 = 100% describes the 1Mpolytype where all layers have the same orientation. For structures with rotational disorder of type n. 120 ~ P,2o-= P24o.. IfPo = 33% there are equal proportions of interlayers involving 0 ~ 120 ~ and 240 ~ rotations of adjacent layers. Po = 33% produces the greatest amount of disorder or highest degree of"lMdhess" possible. If P, < 33% then the structure is partially ordered with respect to the 120* and 240 ~ rotations, as are 2M1 and 3T structures. This latter type of nearest-neighbor or next-nearest neighbor ordering does not pertain to any of the samples or modeled structures in this study. Rotations of n-60 ~ (n = odd integer) are possible and are not crystallographically equivalent to rotations of n-120 ~ but rotations of 60", 180 ~ and 300 ~ are crystall,graphically equivalent to each other. Pto refers to the proportion of layers that are rotated n. 60* out of the total fraction of rotated layers (P0 not being considered a rotated layer). If/6o = 0 all of the rotational disorder is of the n. 120 ~ type. IfPto = 100% rotations of 120* and 240 ~ are eliminated, producing a random stacking sequence of 60 ~ 180 ~ and 300 ~ rotations. When Pto = 60% there are equal proportions of 60 ~ 120 ~ 180 ~ 240 ~ and 300 ~ rotations.
Intensities of diffraction peaks from the experimental random powder diffraction patterns are affected by preferred orientation of the clay powder in the sample holder. The calculated patterns are compensated for this effect by means of the March function correction factor (Dolasse 1986) . A correction factor of 1.0 describes perfect random orientation. Correction factors of less than 1.0 simulate the effects of preferred orientation where proportionally more crystals in the aggregate mount are oriented with d(001) parallel to the surface of the mount. A correction factor was obtained by measuring departures of the 003/(020,110) intensity ratios from the values calculated for random orientations.
WILDFIRE calculates basal reflections separately and adds them to the three-dimensional calculated reflections after normalizing for absolute intensity and preferred orientation. Special attention was paid to modeling the basal reflection part of the composite threedimensional calculations by first modeling the basal part of the measured random diffraction patterns with NEWMOD (Reynolds 1985) and then using the de- termined 001 parameters in the WILDFIRE calculations. The basal reflections contain no information about three-dimensional disorder and the octahedral cation distributions. They are included here to model correctly interferences between three-dimensional and basal reflections.
Diffraction pattern interpretation
The diagnostic hkl reflections used to determine Pcv and Po, and the unit-cell type of a mica polytype are of the category k ~ 3n. These peaks, and all hkl reflections, are broadened by small crystal size and/or rotational disorder. To extract model Pcv and Po values requires an analysis of the 02l; 111 reflections between 19 and 34 020. The region between 34 and 39 ~ consists of the k = 3n reflections 20l; 131 and is useful for determining the quantity of n. 60 ~ rotations,/60-Both n. 60* and n. 120 ~ rotations have very similar effects on the 02l; 111 peaks (Drits et al 1984 , Sakharov et al 1990 , Drits and Tchoubar 1990 , Reynolds 1993 . Modeling of experimental diffraction patterns with WILDFIRE consists of adjusting the input parameters Po, Pcv, and/'60 until agreements of peak position (d-value) and peak shape are optimized between the experimental and the calculated diffraction patterns. Figure 3 illustrates the differences between a disordered tv I/S (1Md) and a disordered cv I/S (1Md). 
Chemical analysis
Bulk chemical analyses were made by X-ray fluorescence methods (XRF) on 21 clay-fraction separations (Table 3) by X-ray Assay Laboratories, Don Mills, Ontario. These samples were chosen on the basis of 1) structural diversity after XRD and WILDFIRE modeling, 2) geographic distribution, and 3) adequate sample size (1.5 g). Each separate sent for XRF analysis was checked for contamination by random-powder XRD analysis. Table 3 shows chemical analyses and Table 4 shows calculated US structural formulae based on an O~o(OH)2 formula unit. Total Fe was calculated as Fe 3 § . Samples 19, 53, 45 and 21 all have anomalously high 2:1 layer charges. This high layer charge may be due to small amounts of secondary mineral phase(s), based on closer inspection of the random powder diffractograms from the separates submitted for analysis. These samples were not used in subsequent structure-composition correlation. Table 1 lists sample name and location (Figure 1) , along with the I/S structural parameters of percent expandability, Reichweite determined from orientedsample XRD and NEWMOD modeling, and the parameters P0, Pcv, and/)6o determined from modeling each random diffraction pattern with WILDFIRE. There is greater uncertainty in accuracy of the/)60 parameter than there is for Po and Pcv, because the 20l; 131 diffraction profile used to model/)60 is also affected by crystal shape, Fe content, and tetrahedral tilt and rotation (Reynolds 1993) .
RESULTS
Chemical composition
X-ray diffraction and modeling
Pcv is less accurate ifPo is low. IfPo is near the lower limit of 33% the diagnostic k ~ 3n reflections are so broad that a large change in the Pcv input parameter has little or no visible change in the calculated diffraction pattern. When P0 values increase and the k ~ 3n reflections become better resolved, the accuracy of the corresponding P, values increases. The nature of rotational stacking defects and their effect on peak position and the accuracy of cv determination are examined in detail by Drits and McCarty (1995) . Table 5 . Figure 5 shows data for the Devonian Tioga K-bentonite, in central New York near Syracuse enclosed in the Onondaga Limestone Formation. This is an example of a good fit between a calculated and experimental diffraction pattern. The I/S has 80% cv interstratification, and 60% of the layers have 0 ~ rotations. Pto is relatively low at 35%, indicating that the structure is dominated by n. 120 ~ rotations, as evidenced by the well-modulated peaks between 36 and 39 ~ This Tioga sample is a "classic" example of a 1Md cisvacant I/S. Sample 8 shown in Figure 6 is from the middle Ordovician Deicke K-bentonite near Martinsburg, West Virginia. This Deicke sample is a cv-dominated I/S comparable to the Tioga sample in Figure 5 , except it is more ordered as seen by the sharper more intense i 12 and 112 peaks, which are also more intense because the structure has fewer cv layers. The diffraction pattern was modeled with Po = 80%, compared with Po = 60% for the Tioga sample, and Pcv is 60% in this sample compared with 80% for the Tioga. Like the Tioga US, this sample is dominated by n. 120 ~ rotations (P6o = 30%).
Sample 45 shown in Figure 7 is from the Tioga K-bentonite at Jamesville, New York. It demonstrates the diffraction effects produced from a very high proportion of cv layers combined with a high degree of rotational disorder indicated by a Po value of only 50%. The i 12 and 112 reflections which are prominent in the tv structure are now just broad shoulders on both sides of the 003 peak; the 111 and i 13 peaks are broad, Vol. 43, No. 3, 1995 Rotationally disordered illite/smectite in Paleozoic K-bentonites 279 but well defined. The rotational disorder is nearly all n-120 ~ indicated by a P60 value of only 20%. Sample 26 shown in Figure 8 is from the Nasset K-bentonite at Guttenberg, Iowa. This US is relatively well ordered with P0 = 75%. The low Pcv value of 35% eliminates the 111 peak and the T 13 is a broad hump; at the same time the definition and intensity of both the i 12 and 112 peaks are enhanced. Rotations are almost all n.60" as shown by the single broad peak near 37 ~ Sample 18 shown in Figure 9 is from the Deicke K-bentonite in the southern Illinois basin and is very characteristic of other samples from that area. The combination ofPo, Pcv, and Pto values all equal to 50% 020;110 produces a unique diffraction pattern in which the i 12 peak is broad, but relatively well defined, and the 112 and ] 13 peaks between 28 and 32 *20 have merged into a broad sloping shoulder. The relatively high percentage of n-60* rotations produces a single peak near 37 *20. Sample 40 shown in Figure 10 is from the Millbrig K-bentonite in southeast Minnesota. Po is 33% indicating maximum rotational disorder, and all of the diagnostic peaks are broadened so much that they are undefined. This is an example of an end-member 1Md on the calculated diffraction pattern and therefore the accuracy of the P+v value is low. These examples demonstrate the wide variability that exists within the general class of disordered I/S, and the power WILDFIRE has in accurately modeling I/S three-dimensional crystal structures. In some cases, such as Figure 8 , the 002 and 003 peaks in the experimental diffraction pattern indicate a lower d-value than the corresponding peaks in the calculated diffraction pattern. This discrepancy suggests that the default value of d(001) = 9.7/~ used for dehydrated smectite may not have been appropriate, but this quantity has no tween octahedral and 2:1 layer charge, but show a progressive increase in both tetrahedral charge and 2:1 layer charge in I/S samples from Silurian bentonites in the United Kingdom (Srodofi et al 1986) .
No information is available on the three-dimensional structure for the Polish or United Kingdom sampies but the data suggest that the crystal chemistry of I/S may be quite different in separate geologic locations.
Crystal chemistry
In this suite of I/S samples from K-bentonites, n. 60 ~ rotations are correlated with samples that have the highest content of octahedral Mg and Fe and tetrahedral Si. This observation can be reconciled by crystal chemical considerations of the basic mica structure. Tetrahedral thickening, tilt, rotation and thinning of the octahedral sheet are four mechanisms of adjustment for the misfit between the tetrahedral and octahedral sheets in the 2:1 layer. The nature and extent of these adjustments have different consequences for the subsequent rotational stacking angles in the crystal (Radoslovich 1959 , Radoslovich and Norrish 1962 , Bailey 1966 . Shortening of shared octahedral edges in the direction diagonal to the sheet surface occurs as octahedral anions move toward each other to shield octahedral cation repulsion (Bailey 1984; Figure 14) . Therefore, the entire octahedral sheet is thinned and expanded along X and Y. Lateral octahedral edges around the vacant octahedral sites are expanded as a result of this shared-edge shortening (Drits et al 1993 , Bailey 1984 . Substitution of Mg for Al in the octahedral sheet increases the lateral dimensions of the sheet. The tetrahedral sheet b-axis dimension is minimized with more Si and less A1 substitution. Therefore, octahedral Mg substitution and lower tetrahedral A1 reduces the misfit for a given overall 2:1 layer charge. This type of layer composition minimizes tetrahedral tilt and rotation, making a more regular structure. When misfit reduction is accomplished by tetrahedral tilting the bridging basal oxygen between adjacent tetrahedra will be depressed below the other two basal oxygens of each tetrahedron (Bailey 1984) . The depressed oxygens form grooves or corrugations in the plane of basal oxygens (Bailey 1984) .
When tetrahedral tilt and rotation are minimized the basal sheets can more easily coordinate with prismatic 6-fold coordination (Figure 15 ) around the K ion where the oxygen atoms in adjacent layers are superimposed over one another (the n. 60 ~ rotation type). This type of interlayer cation bonding differs from 6-fold octahedral coordination (Figure 15) where the oxygen atoms are staggered in adjacent layers (the n. 120 ~ rotation type). Lower Al content in the tetrahedral sheet reduces the amount of tetrahedral tilt and rotation needed for tetrahedral sheet and octahedral sheet articulation and also results in less basal oxygen corrugation. With less corrugation the basal oxygens are in a c o m m o n plane, making n. 60 ~ and n. 120 ~ rotations more electrostatically equivalent. When tetrahedral Al substitution is high and octahedral Mg substitution is low, n. 120 ~ rotations are the most favored because that is the best configuration to minimize basal oxygen repulsion.
Prismatic coordination does occur, although not as frequently, with Al-rich tetrahedra and octahedra in 2 M 2 muscovite. Muscovite with the 2M2 structure differs from the I/S described in this study in both composition and layer stacking. The 2M2 structure consists of regular alternations of layers by -+ 60 ~ and a consistent 1:4 A1 to Si tetrahedral composition, whereas the I/S has a variable composition and a 1M stacking sequence with random rotations of n-60 ~ More work is needed to fully understand the structural relationships and physical conditions that result in the 2M2 structure. Another example of prismatic coordination is documented in glauconite by Sakharov et a! (1990) . An average glauconite composition is similar, although not identical, to the I/S samples from K-bentonites (Bailey 1980 ; Table 4 ). Like the US, glauconite has significant Mg and Fe octahedral substitution, but these two minerals formed in vastly different environments. It is not known what relative influences crystal-chemistry and environmental formation conditions play in determining the structural features and rotational stacking defects in I/S and other 2:1 layer phyllosilicates. In a hydrothermal alteration zone (Saskatchewan, Canada), Drits et al (1993) found illites with different octahedral cation distributions between trans and c/s sites that had nearly identical chemical compositions. Their interpretation is that different physical conditions during the formation of the illite were responsible for the structural variations.
The observation that Al-rich I/S from K-bentonites is dominated by cis-vacant layers does not have a clear crystallographic explanation although some speculation may be worthwhile. Preliminary evidence indicates that the cv-1M structure is more stable than the tv-lM type (Drits et al 1993) . In the cv-lM structure, the six K-O bond lengths are equal, whereas in the tv-1M structure K-O bond lengths are unequal, three being shorter and three being longer. In the case of a trans-occupied octahedra, the geometric center of the distorted hexagonal ring created by the basal oxygens of the top tetrahedral sheet is shifted <a/3 from the center of the corresponding ring on the bottom sheet Drits 1984, Drits et al 1993) . In transvacant octahedra the geometric centers are shifted > 0,/3 from each other. In trans-vacant muscovite-2M~ the interlayer K is not in the exact center of the distorted hexagonal ring but is displaced along the two-fold axis toward the vacant octahedral sites above and below resulting in unequal K-O bond lengths (Bailey 1984) . Similar K-O bond length differences are likely for transvacant 1M structures. There is less distortion of the tetrahedral sheets in the cis-vacant 1M structure making a more regular interlayer cavity that results in nearly equal K-O bond lengths. Such differences in K bonding may affect the stability of these structures. However, it is still not clear at this time why Mg and Fe should favor the tv structure. The cv structure may be the most stable form of US for high Al and relatively low Mg compositions. However, more work is needed to verify this hypothesis. Geological considerations and associations concerning cv and tv I/S from K-bentonites will be given in a future paper.
CONCLUSIONS
The three-dimensional crystal structure of disordered I/S can be quantified by modeling random-powder X-ray diffraction patterns using the computer algorithm WILDFIRE (Reynolds 1993) . Previously, diffraction patterns from rotationally disordered I/S that were strikingly different were described simply as 1Md. The use of this modeling technique has enabled quantification of the amount and type of rotational disorder and the distribution of octahedral cations in the I/S examined here.
In the US from Ordovician and Devonian K-bentonites of the eastern United States, cv interstratification correlates with high tetrahedral A1, high octahedral A1 and n. 120 ~ rotational disorder. I/S that is dominated by tv octahedra correlate with low tetrahedral At substitution, high octahedral Mg and Fe substitution and n-60 ~ rotational disorder. I/S expandability and Reichweite does not correlate systematically with cv interstratification and rotational disorder. The structural features in I/S result from some combination of their crystal chemistry and the environmental conditions under which the I/S formed.
